The activity tests of used HDS catalysts, which were prepared during 30 days of aging under various HDS reaction conditions, were performed and their characterization was performed to understand the initial deactivation of the HDS catalysts.
Introduction
Catalyst deactivation is critical to refinery processes, especially to residue desulfurization (RDS) processes, because performance in the RDS process directly affects the downstream refinery processes.
Therefore, efforts have been made to extend the catalyst life in RDS processes; for example, a catalyst system designed with specific catalysts1),2) and hydrodemetallization (HDM) guard processes that incorporated an RDS process3)-5). This latter example is called a two-stage RDS process.
We have been studying such various factors that affect the deactivation of hydrodesulfurization (HDS) catalyst in such a two-stage RDS process (HDM/HDS); effects of HDM operating conditions6), feedstock7), and asphaltenes8)-10). In these earlier works, our focus was the deactivation of HDS catalysts at the middle of a run (MOR) because the period of MOR was the longest and determined the whole life of the catalyst. We found that at MOR, deactivation by coke was higher than that by metal deposition.
In the present study, we investigated the HDS catalyst deactivation at the start of run (SOR) by doing characterization and HDS activity tests of used catalysts. Although there are a few reports that pointed out the importance of metal deposition in the deactivation mechanism of RDS catalysts at SOR11),12), coke deactivation is the commonly accepted mechanism13) -19) . The function of coke, however, is not well understood. Doom and Moulijn showed that coke accumulates mainly on alumina supports and thus narrows the pore size of catalyst13). In contrast, Chu et al. reported that coke covered active sites, thus leading to catalyst deactivation16). Furthermore, Absi-Halabi et al. 19 ) and Scaroni et al.20) reported that the formation of sealed space, where reactant cannot approach active sites because of the plugging of the entrance, contributed to deactivate the catalysts. These different results are due to the differences in reaction conditions, feedstock, catalyst properties, etc., among the different studies.
Characterization of used catalysts at different positions in the reactor reveals critical information about the mechanism of coke formation if reactions are carried out under an isothermal profile along the reactor, from the top (inlet) to the bottom (outlet) of the reactor. The purpose of the present study was to clarify the initial deactivation mechanism of HDS catalysts in a twostage RDS process (HDM/HDS) by doing characterization and activity tests of systematically prepared used catalysts. We prepared used HDS catalysts by using an isothermal profile along the reactor. We prepared these catalysts using various temperatures and pressures to determine the effect on coke formation. Consequently, it was found that initial deactivation of the HDS catalysts in the two-stage RDS was caused mainly by coke. As the effects of temperature and pressure on coke formation, it was found that the lower pressure reaction than 10MPa favorably produced coke * To whom correspondence should be addressed. HDM/HDS Tests and Preparation of Used Catalyst A trickle bed down-flow reactor was used for the HDM tests of AH-AR. The HDM catalyst (800ml) was loaded into the reactor and then presulfided with a mixture of light gas oil and di-t-butyl-disulfide (total Then, the HDM tests were carried out under the follow-H2/Oil 840Nm3/kl. The properties of the resulting product oil (HDM-AH) are listed in Table 2 . Two trickle bed down-flow reactors in series were used for the HDS tests. The HDS catalyst was loaded into the reactors (40ml in the first reactor and 80ml in the second reactor) and presulfided by the same procedure as that for the HDM tests. The HDS tests were carried out by using the HDM-AH as feedstock under the three conditions listed in Table 3 . Compared with the standard reaction conditions (Run 1), the pressure in Run 2 was lower and the temperature in Run 3 was higher. Each run lasted 30 days, thus allowing us to clarify the initial deactivation of HDS catalyst by characterizing the used catalysts.
After the HDS tests, the used catalyst for each run was carefully removed from the reactor at three sections of the reactor bed; top (T), middle (M), and bottom (B). The top sample was obtained from the first reactor and each of the middle sample and the bottom sample was obtained by dividing the catalysts in the second reactor half and half. All the used catalysts overnight.
Analyses of Used HDS Catalysts
Carbon, hydrogen, and nitrogen contents of the used were measured by using a CHN coder (YANACO MT-5) and the metal contents by using an ICP-MS spectrometer. Surface area, pore volume, and pore size distribution of the used catalysts were measured by using an N2 adsorption-desorption method and a Coolter Omunisorp-360.
Laser Raman spectra of the cross section of the used catalysts were obtained by using a Jasco NRS-2000 equipped with a holographic grating, a holographic notch filter, and a CCD detector.
The 532-nm line from coherent green laser was used as the excitation source (1mW).
The hydrogen content measured by elemental analyses of the used catalysts, in general, contained hydrogen of Al2O3 support.
Thus, coke was isolated from the used HDS catalysts by dissolving the catalysts in HF solution to obtain more precise H/C ratio of coke. The elemental analyses and the aromaticity of the isolated coke were measured by a combustion method and by 13C-NMR/CP-MS, respectively. 2.4.
Activity Tests Residual HDS activity of the used catalysts was determined by using a real feed (HDM-AH) and by using a model compound (thiophene).
For the tests with HDM-AH, the used catalyst (5ml) was loaded into a micro-flow reactor with an inner diameter of 15 mm. The reaction conditions were as follows: 8MPa, LHSV 1.0h-1, H2/Oil 840Nm3/kl, and either 360, 380 the ratio of the rate constant with used catalysts (k) to that with fresh catalyst (kf), assuming a second-order HDS reaction.
Thiophene pulse reactions were done at either 250, mm particle). Details about the reaction conditions were previously described21). Relative HDS activity was determined by comparing the rate constant of fresh catalyst, assuming a first-order HDS reaction. Table 4 lists the results of the elemental analyses of the used HDS catalysts.
Results and Discussion

Characterization of Used HDS Catalysts
The results show that the deposit of carbon and/or coke for Run 1 (standard case) was independent of the position along the reactor. In contrast, the deposit of carbon and/or coke slightly increased with reactor position from top to bottom for Run 2 and significantly increased for Run 3. Moreover, the deposit of carbon and/or coke for Run 2 and Run 3 were much higher than that for Run 1. These results indicate that the lower hydrogen pressure (8 not only coke precursor formation at the top of the reactor but also coke formation at all positions along the reactor. The results also show that although vanadium deposit was small (less than 1.3wt%), the decreasing tendency of metal deposit from top to bottom of the reactor was observed for all the three runs. Figure 1 shows the distribution of the pore size of the fresh and used catalysts.
The pore size of fresh catalyst ranged from 2 to 8nm, with a median of about 6nm.
Independent of reaction conditions, all of the used catalysts (B) showed a shift of the peak toward lower size and showed a new peak below 2nm. This suggests that the pore size was narrowed by the coke and metal deposits and that the appearance of the new peak indicates the existence of inkbottle-type pores.
The effect of coke on the pore volume of catalysts should be studied because catalyst deactivation at SOR is generally caused by coke13)-19). Figure 2 shows the pore volume of used catalysts as a function of coke content.
A relatively good correlation was observed between pore volume and coke content, suggesting that the catalyst pore size was decreased mainly by coke. The density of coke estimated from the slope in Fig. 2  was 1 .9g/ml, consistent with the density obtained by other investigators (1.522) and 1.6g/ml16)). If the correlation line is extrapolated to a coke content of zero (i.e., y-intercept), the apparent pore volume without coke can be estimated, namely, the pore volume of fresh catalyst. The y-axis intercept was about 0.48 ml/g, which is much smaller than the pore volume of fresh catalyst (0.65ml/g).
The difference between the pore volume of the fresh catalysts and the apparent one implies that ca. one fourth of the pore volume of the Table 4 Characterization of Coke The quality (aromaticity) of the coke on the used HDS catalysts was characterized by using laser Raman spectroscopy. Figure 3 shows the full width half maximum (FWHM) of the band at 1600cm-1 for the used catalysts (T and B) at three locations in the catalyst: basin, edge, and center. In Fig. 3 , the higher values of FWHM suggest that coke is less aromatic23). The FWHM for all the samples decreased in the order of basin>edge>center, indicating that coke at the center was more aromatic than that at the edge or basin. Furthermore, one can see from Fig. 3 that hydrogen pressure has little effect on coke aromaticity and that high temperature produces highly aromatic coke. In other words, coke quality depends more on the operating temperature than on the pressure. Table 5 lists the CHN data and aromaticity of coke isolated from the used catalyst.
13C-NMR was used for the determination of coke aromaticity. Runs 1 and 2 showed similar values for H/C and aromaticity of the coke. Compared with Runs 1 and 2, Run 3 showed lower H/C and higher aromaticity.
These findings further support the result that high temperature leads to more aromatic coke, whereas hydrogen pressure does not affect coke aromaticity. 3.3. Activity Tests of Used HDS Catalysts Table 6 lists the results of the activity tests. For the tests with HDM-AR, the ratio of the rate constants (k/kf) was slightly affected by the reaction temperature. This effect is probably due to additional coke formation caused by the tests. On the other hand, for tests with thiophene (a model compound), the ratio was independent of the reaction temperature because no coke formed during the tests. Irrespective of reactants, the used catalysts (B), which have more coke and less metal deposits, showed low HDS activity in comparison with the fresh catalysts (T). This suggests that coke is responsible for the deactivation of HDS catalyst. A This suggests that the diffusion of the reactant (HDM-AR) into the pore of the used catalysts is not limited because thiophene is so small a molecule that its diffusion effect is negligible.
Mechanism of HDS Catalyst Deactivation
Initial deactivation of RDS catalysts is, in general, caused by coke13)-19). The detailed mechanism of coke deactivation, however, is not well understood because it is influenced by catalyst properties, feedstock, and operating conditions such as temperature and pressure. To investigate the deactivation mechanism, we plotted the catalyst activity as a function of coke content or vanadium content (Fig. 5) . Although a clear relationship was not observed between HDS activity and vanadium content, a good relationship was observed between HDS activity and coke content; a correlation factor of the former relation was less than 0.01 and that of the latter one was 0.81 when linear approximation was applied. Here, if Ni effect on the catalyst deactivation was considered and the HDS activity was plotted against the content of V+Ni, its correlation factor was still under 0.01, much smaller than that with coke. These indicate that the initial deactivation of HDS catalysts in a two-stage RDS process is due rather to coke than to metal deposits, regardless of HDS reaction conditions and the position in the reactor. Variation in pore volume (Fig. 2) provided insight into how coke deactivates the HDS catalysts; a part of the pore is completely plugged, thus creating sealed space. The resulting decrease in the number of active sites due to this plugging, even if they still have activity, could result in catalyst deactivation.
Furthermore, narrowing of the pores is not a significant factor in catalyst deactivation because a 1:1 correlation was observed between HDS activity with real feed and that with a model compound (thiophene).
Regarding the effect of HDS reaction conditions on coke formation, we obtained similar results to those reported by other investigators that low pressure and high temperature in the HDS reaction accelerate coke formation3),14),17) We, however, found in this study that coke gradually formed under high temperature of of the reactor), whereas coke quickly formed under low pressure of 80MPa.
Conclusions
Characterization and HDS activity tests of used HDS Table 6 HDS Activitya) of Used HDS Catalysts a) HDS activity is defined as the ratio of rate constants (k/kf) of the used catalysts (k) to that of the fresh catalyst (kf), assuming a secondorder HDS reaction. catalysts, which were prepared by changing temperature and pressure in HDS reaction, were done to understand the initial deactivation of HDS catalysts. The measurements of pore volume of the used catalysts showed that the initial deactivation was, at least partly, due to the formation of sealed space. The comparison of HDS activity with real feed to that with a model compound (thiophene) showed that effect of reactant diffusion on the HDS catalyst deactivation was negligible.
In the HDS reaction, at a high HDS temperature of from the inlet to outlet (top to bottom) of the reactor. In contrast, under a low pressure of 8MPa, coke rapidly formed at the inlet of the reactor. The HDS activity of the used catalysts showed a good correlation with coke content, suggesting that the initial deactivation of HDS catalysts in two-stage RDS process is caused by coke.
